Recently, the interaction of Cu(II) complexes with nucleic acid has attracted attention due to the study of mutation of genes and therapeutic approaches, [2] [3] [4] [5] [6] because DNA is thought to be the target of the chemotherapy in the treatment of tumors.
showed that some Cu(II) complexes with phen bind to DNA noncovalently in the minor groove and the free hydroxyl radicals formed due to the reaction of reduced Cu(II) complex with H 2 O 2 lead to strand scission of DNA. Chikira and coworkers 9) investigated the orientation of Cu(II) complexes of phen or the ternary Cu(II) complexes with amino acids on DNA using electron paramagnetic reasonance method and suggested that the complexes bind to DNA with several different binding modes, such as non intercalative binding in the minor groove of DNA and/or intercalative binding. In addition to studies characterizing the interaction of Cu(II) complexes with DNA, there were a few studies on the crystal structures of ternary Cu(II) complexes of amino acids with heterocyclic ligands, such as glutamic acid and phen, 2,2Ј-bipyridine(bpy), 4, 14) aspartic acid and bpy, 15) serine and phen, 16) proline and phen, 17) or glycine and phen. 18, 19) We aimed to synthesize and determine three ternary Cu(II) complexes containing an amino acid, glycine ligand, and different heterocyclic ligands, phen, bpy, and 2,2Ј-bipyridylamine (bpa) and evaluate the ability the complexes to cleave DNA. The following three complexes ( Fig. 1) were prepared and the structures, DNA binding, and DNA cleavage were examined. The three complexes are designated as [Cu(Gly)(bpy)Cl] · 2H 2 O (1), [Cu(Gly)(phen)Cl] 2 · 7H 2 O (2), and [Cu(bpa)(phen)(H 2 O)Cl] (3). We had previously determined the structure of (1), 1) and the structures of (2) and (3) were determined in this study. The structural features of (1) were calculated using the previous coordination data 1) and cited together with those of (2) and (3) Preparation of Complexes All single crystals of the complexes were prepared with copper(II) chloride, Gly, bpy, phen, and bpa. The typical syntheses and the results of the elemental analyses are described below.
Preparation of [Cu(Gly)(bpy)Cl] · 2H 2 O (1)
Complex 1 was prepared according to the method described previously. 1) One hundred and twenty milligrams (0.76 mmol) of bpy was mixed with 130 mg (0.76 mmol) of CuCl 2 · 2H 2 O in 5 ml 80% (v/v) of methanol-water solution for about 5 min at room temperature. The aquamarine-colored precipitate appeared after adding copper salt. The precipitate was dried under a vacuum and assumed to be [Cu(bpy)Cl 2 ]. The calculation of the yield of the product as well as the elemental analysis of it were not done. Then, 4.4 mg (0.015 mmol) of the precipitate was reacted with 1.1 mg (0.015 mmol) of Gly in 5 ml of 70% (v/v) methanol-water solution for about 30 min at 343 K, until the volume of the reaction mixture was concentrated to ca. 1 ml. The concentrated light blue solution was allowed to stand at room temperature for slow evaporation. One week later, yellow-blue prismatic crystals suitable for X-ray diffraction studies were obtained from the mother liquor. ] . The calculation of the yield of the product and the elemental analysis were not done. Then, 4.6 mg (0.015 mmol) of precipitate was mixed with 1.1 mg (0.015 mmol) of Gly in 5 ml of degassed water solution, and the pH of the reaction mixture was adjusted to 5-6 using 20 mM NaOH. The reaction was continued for about 30 min at 343 K, until the volume of the reaction mixture was concentrated to ca. 1 ml. The concentrated light green solution was allowed to stand at room temperature for slow evaporation. Four weeks later, blue prismatic crystals suitable for X-ray diffraction studies were obtained from mother liquor. X-Ray Crystal Analysis The X-ray measurements were performed on a Rigaku RAXIS RAPID diffractometer with a graphite monochromatized MoKa radiation (50 kV-100 mA; lϭ0.71069 Å) using the w scan mode at 123 K. A summary of the crystallographic data and structure refinements is given in Table 1 . The data were corrected for Lorentz and polarization effects. The structure was solved by direct methods 20) using the Crystal Structure 21) software package. The refinement was performed using SHELXL-97. 22) All H atoms except those of water molecules were located from difference Fourier maps, placed at idealized positions, and treated as riding, with a C-H distance of 0.93 and U iso (H) values equal to 1.2U eq (C) (U eq is the equivalent isotropic displacement parameter for the pivot atom.). Tables 2-4 for complexes 1-3, respectively. The distance between the centers of gravities (Cg-Cg distance) were calculated using PLATON. 23) The detailed H-bond data are summarized in Table 5 .
The 
DNA-Binding Experiments
The binding experiment of the complexes to CT DNA was studied using the fluorescence method. Competitive binding studies were performed by measuring the emission of ethidium bromide (EB) bound to DNA which shows the enhanced emission intensity due to its intercalative binding to DNA. 24, 25) The competitive binding of the complexes to the DNA reduces the emission intensity of EB with either a displacement of the bound EB from the bound to the free state or the bound complex quenching the emission. 26, 27) Fluorescence measurements were performed using an Hitachi-850 spectrofluorometer equipped with a temperature control bath. All the fluorescence measurements were taken at l ex of 545 nm and l em of 600 nm at 25Ϯ0.1°C.
In a typical binding experiment, 2 ml solution of 1.45 mM EB was added to a volume of 300 ml of 100 mM CT DNA solution. All the fluorescence measurements were taken at l ex of 545 nm and l em of 600 nm. Aliquots of 3 mM of a solution of the complexes in distilled water were added to the EB-DNA solution. After the mixtures were incubated overnight, their fluorescence intensity was measured after each addition. The fluorescence intensities were plotted against the complex concentration to yield a slope that showed the relative extent of binding of the complexes to DNA. A control experiment was also done with the EB in the absence of DNA.
CD Measurements CD spectra of the CT DNA were measured using a JASCO J-710 spectropolarimeter erquipped with a Peltier temperature control device at 25Ϯ0.1°C. All experiments were done using a quartz cell of 1 cm pathlength. Each CD spectrum was recorded after averaging over at least 5 accumulations using a scan speed of 100 nm min
Ϫ1
.
DNA Cleavage Experiments
The cleavage experiments were perJune 2007 855 Table 2 . Bond Distances (Å) and Angles (°) for Complex 1 1) Bond distances Cu1-O1
Symmetry code: ( * ) ϩ1Ϫx, ϩ1Ϫy, ϩ1Ϫz. 
94.74(7) formed using SC DNA in 10 mM Tris-HCl buffer, pH 7.4, containing 50 mM NaCl. 2, 3) The reaction mixtures were prepared as follows: both 4 ml of 7 mM H 2 O 2 and 4 ml of 7 mM ascorbic acid were added to a mixture of 20 ml of SC DNA (0.05 mg/ml) and 6 ml of 300 mM complexes followed by dilution with Tris-HCl buffer to a total volume of 40 ml. The final concentration of the complexes was 45 mM, and that of H 2 O 2 and ascorbic acid were 525 mM. The reactions were performed after incubating the reaction mixture at 25°C for 1 h in the presence and/or absence of the complexes. For the experiments on the concentration dependence of the complexes, 3 ml of H 2 O 2 , 3 ml of H 2 O 2 , and 2-10 ml of the complexes were used in the above reaction mixture of 40 ml. The final concentrations of the complexes were changed from 15 to 75 mM, and that of H 2 O 2 and ascorbic acid was 525 mM.
A loading buffer (3 ml) containing 0.03% bromophenol blue, 0.03% xylene cyanol, and 60% glycerol was added to 20 ml of the reaction mixtures and electrophoresis was performed at 50 V for 70 min in Tris-acetate-EDTA (TAE) buffer, pH 8.1, using 1% agarose gel. After electrophresis, the agarose gel was dyed in EB solution (0.5 mg/ml).
A agarose gel electrophoresis was performed using COSMO BIO Mupid-2. The cleavage of SC DNA was monitored by photographing the fluorescence of intercalated EB using an Amersham Pharmacia Biotech Image Master VDS-CL illuminator.
The concentration of CT DNA was determined by measuring the absorption intensity at 260 nm with the molar extinction coefficient value of 6600 M Ϫ1 cm Ϫ1 in Tris-HCl/NaCl buffer, pH 7.4.
28) The concentration of SC DNA was calculated from the contents of the sample vials (0.5 mg/ml). Elemental analysis was done on a Yanaco CHN Coder MT-3.
Results and Discussion
Crystal Structures In complex 1, 1) shown in Fig. 2 , the Cu(II) atom has a distorted octahedral six-coordination geometry and is bonded to two heterocyclic N atoms, one amino N atom, and one carboxylate O atom from Gly in a equatorial plane, and one Cl atom and one carboxylate O atom of the neighboring Gly ligand in the axial position. In the square-planar coordination, atom Cu1 deviates by 0.2141(11) Å from the mean plane through the O1, N1, N2, and N3 atoms. The five-membered chelate rings, Cu1-N1-C5-C6-N2 and Cu1-N3-C11-C12-O1, are formed with the bpy and Gly ligand, respectively. These rings are slightly twisted with the dihedral angle of 16.9(1)°. This is caused by the short contact between the H atom of C1 and the H atom of the amino group. The two pyridine rings of bpy are slightly twisted with the dihedral angle of 2.7(3)°. Gly takes an eclipsed conformation with the torsion angle of N3-C11-C12-O3, 8.5(9)°.
In the crystal packing of 1, the complex forms essentially a dinuclear complex, in which two neighboring complexes are bridged by the coordinated carboxylete O atoms as shown in Fig. 3a , in which typical p-p interaction is present between bpy ligands at the symmetry codes of (ϩx, torted square-pyramidal five coordination geometry. The Cu(II) atom is bonded to two N atoms from the bidentate phen ligand and one carboxylate O atom and one N atom from Gly in the equatorial plane and one Cl atom in the axial position. The Cu1 atom deviates from the mean square plane (N1/N2/O1/N3) toward the Cl atom by the upper distance of 0.2495(3) Å, similar to complex 1. The five-membered chelate rings, Cu1-N1-C5-C6-N2 and Cu1-N3-C14-C13-O1, are formed with the phen and Gly ligands, respectively. These two rings are slightly twisted with the dihedral angle of 19.6(2)°. This is caused by the short contact between the H atom of C1 and the H atom of the amino group. The phen ring is almost planar. The Gly ligand takes an eclipsed conformation with the torsion angle of N3-C11-C12-O3 of 8.5(9)°. The two types of structure of Cu(II) complexes of Gly with phen have been reported to be a monohydrate complex, [Cu(Gly)(phen)Cl] · H 2 O 18) and a trihydrate one, [Cu(Gly)(phen)Cl] · 3H 2 O. 19) Their overall structures are essentially the same as that of 2, although the geometrical parameters are slightly different from that of 2.
In the packing of 2, the p-p interaction is present between phen rings as well as between the phen ring and the five-memberd chelate rings with the distances between Cg1(N1/C1-C5) and Cg2(N2/C6-C10) [symmetry code: (1Ϫx, 1Ϫy, 1Ϫz)] of 3.56(10) Å, and Cg3(Cu1/N1/C5/ C6/N2) and Cg4(C4-C7/C11/C12) [symmetry code: (1Ϫx, 1Ϫy, 1Ϫz)] of 3.46(10) Å, as shown in Fig. 5a . The hydrogen-bond networks are also indicated by dashed lines in Fig. 5b , in which the water O4 atom is disordered and refined as half-occupancy. The complex molecules are connected to each other by the available H-bonds. The overall complex molecules are stabilized by the H-bond network together with the p-p interaction.
The molecular structure of complex 3 is shown in Fig. 6 . The Cu(II) atom has a distorted octahedral six coordination geometry. The Cu(II) atom is bonded to two N atoms from the bidentate bpa ligand and one carboxylate O atom and one N atom from Gly in the equatorial plane, and one Cl atom and one water O atom in the axial positions. In the squareplanar coordination, atom Cu1 deviates by 0.1419(3) Å from the mean plane through the O1, N1, N2, and N4 atoms. The six-and five-membered chelate rings, Cu1-N1-C5-N3-C6-N2 and Cu1-N4-C12-C11-O1, were formed with the bpa and Gly ligands, respectively. These two rings are slightly twisted with the dihedral angle of 16.9(1)°. This is caused by the short contact between the H atom of C1 and the H atom of the amino group. The two pyridine rings of the bpa ligand are slightly twisted with the dihedral angle of 2.7(3)°. The Gly ligand takes an eclipsed conformation with the torsion angle of N3-C11-C12-O3 of 9.2(3)°. The dihedral angle of the two pyridine rings of the bpa ligand is 28.5(1)°.
In the packing of 3, the p-p interaction is not present. The hydrogen bonds are indicated by dashed lines in Fig. 7 . The complex molecules are connected by the H-bond networks therough the coordinated Cl atom, water molecule, and imino group of the bpa ligand and by the carboxylate and amino groups of the Gly ligand. The complex molecules are connected to each other by the available H-bonds.
The coordination bond distances indicate that the carboxylate O atom of the Gly ligand has a strong interaction with the Cu(II) atom with the bond Cu-O distance values ranging from 1.949(5) Å in 2 to 1.978(2) Å in 3. The interaction between the Cu(II) atom and N atoms of the heterocylclic and Gly ligands resemble each other.
In all of the complexes, the heterocyclic compounds behave as N,N bidentate ligands and the Gly ligand behaves as a N,O bidentate ligand and Cl atom is also coordinated as the common ligand atom.
Complexes 1 and 3 have a similar distorted octahedral coordination geometry, while 2 has a distorted square pyramidal one. The order of the r.m.s. deviations of the Cu(II) atom is 2Ͼ1Ͼ3, while the order of the coordination bond lengths is the same. This is explained by the difference in the coordination geometries, in which the Cu(II) atoms in 1 and 3 are coordinated with two atoms in the axial positions, while in 2 it is coordinated only with the Cl atom in the axial position. The three H-bonds of the coordinated water molecule of 3, O3-H14 … Cl1, O3-H15 … O2, and N3-H9 … O3 may draw the Cu atom toward the square plane, as reflected in the relatively small r.m.s. deviation. At present, we have not confirmed why complexes 1 and 3 take the distorted octahedral coordination geometry, and 2 the distorted square pyramidal one, in other words, why the difference in the coordination geometries appears at the apical sixth coordinate ligand atom. We can only say that the structures of the complexes represent one of the energetically stable states in the crystal which includes various stabilizing factors such as hydrogen bonds, stacking interactions, steric hindrances, etc. affecting the structure of the coordination geometry. Figure 8 shows the reduction in the fluorescence intensity of EB with the addition of the complexes to the EB-DNA solution. The extent of the fluorescence reduction of EB bound to DNA is used to determine the extent of binding of the complexes to DNA mainly by intercalation. 29, 30) The weak reduction in the fluorescence intensity caused by the addition of the complexes indicates a weak binding propensity of the complexes to DNA, which is indicated by the near slope in Fig. 8 . The extent of the binding of complex 2 is predominant among the three complexes. From the reduction in the fluorescence intensity, the values of a linear Stern-Volmer quenching constant (K sq ) 31) which is the slope in Fig. 9 were calculated according to the Stern-Volmer equation, I o /Iϭ1ϩK sq r, where I o and I represent the fluorescence intensities in the absence and presence of the complex, respectively, and r is the concentration ratio of the complex to DNA. The values of the apparent binding constant (K app ) 32, 33) were also deduced from the slope of the quenching plot according to the equation K app,complex [Complex]ϭK app,EB [EB] where K app,EB is the apparent binding constant of EB assumed to be 10 The concentration of CT DNA was 100 mM. The excitation and emission wavelengths of EB were 545 nm and 600 nm, respectively. K app values of 1, 2 and 3 are remarkably small as compared with that of EB. The DNA-binding propensity can be reflected in the relative order 2Ͼ3Ն1. The Cu(II) complexes with phen or bpy bind to DNA with several different binding modes, namely intercalation or nonintercalation, such as groove binding and binding to the phosphate group. 9) Chikira et al. 9) investigated the orientation of [Cu(phen)X aa ] nϩ (where X aa is an a-amino acid) on DNA by recording electronparamagnetic resonance spectra of the complex. They suggested that a phen plane of [Cu(phen)Gly] ϩ intercalates between the base pairs of the double helical DNA, and Gly in the ternary complex is partly replaced with some coordinating atoms such as purine nitrogen and pyrimidine nitrogen of bases or phosphate oxygen atoms in DNA. They also suggested that the three fused aromatic rings of phen are critical for the intercalative binding of the complexes from the absence of the intercalated species for [Cu(bpy)] , which does not intercalate into DNA. In this study, however, we did not investigate about the structures of the complexes in aqueous solution. At present we are not able to confirm whether the octahedral coordination geometry of 1 and 3 in the crystal structures or the dimeric units of 1 in the crystal structure (Fig. 3a) are maintained in aqueous solution, although the dimeric units of the Cu(II) ternary complex with bpy and N-propyl-norfloxacin in the crystal structure occurs as a mixture of dimeric and monomeric species in aqueous solution. 34) Therefore we can conclude safely that complexes 1, 2 and 3 interact with DNA, and but cannot suggest the exact binding mode of each complex. The precise explanation of the binding modes of the complexes will be confirmed in further studies.
DNA-Binding Studies
DNA Cleavage The ability to cleave DNA of the complexes was investigated with gel electrophoresis using SC DNA. The electrophoretic migration patterns for the cleavage of SC DNA are usually characterized by three forms (forms I, II, III). 2, 3, 32, 33) The fastest migration of the electrophoretic pattern is called form I, which reflects supercoiled DNA. A slower migration is form II, which reflects nicked circular DNA. Form III reflects linear open circular DNA, and migrates between form I and form II. Figure 10 shows the results of cleavage of SC DNA in the presence and absence of the same concentrations of the complexes in the presence of H 2 O 2 and ascorbic acid. The results indicate that the production of form II is apparently enhanced by the presence of complexes 1 and 3 in the presence of H 2 O 2 and ascorbic acid (lanes 5, 9), although form II is produced even in the presence of H 2 O 2 and ascorbic acid alone (lane 3). With the same concentration of complex 2, form I was converted to form III or more cleaved to small fragments (lane 7). These phenomena suggest that complex 2 has the highest cleavage efficiency in the presence of H 2 O 2 and ascorbic acid. Figure 11 shows the electrophoretic migration patterns of SC DNA induced by increasing amounts of the complexes in the presence of H 2 O 2 and ascorbic acid. Complexes 1 and 3 could convert form I to form II (lanes 5-9). In contrast, complex 2 could convert form I to form II (lanes 5, 6), form III (lane 7), and more small DNA fragments (lanes 8, 9). These results indicate that complex 2 induces intensive cleavage of SC DNA with the relative order 2Ͼ3Ӎ1. The most effective DNA cleavage efficiency observed for complex 2 may be explained by the strongest binding ability of 2 with the intercalative binding mode. Chikira et al. 9) explained the intercalative binding mode of the ternary complex [Cu(phen)(Gly)] ϩ as follows: the apical position of the ter- nary complex coordinates to a base or a phosphate group, and the species with the phen plane oriented perpendicularly to a DNA double-helical axis is intercalated in the DNA. This binding mode will bring the complex molecules close to the phosphodiester backbone of DNA and accelerate the hydrolysis of the phosphodiester bonds by a nucleophilic attack or several oxidative cleavage pathways with free hydroxyl radicals or hydroxide ions formed due to the reaction of the Cu(II) complex with H 2 O 2 .
2,3,35-37)
The DNA cleavage efficiency of the complexes was also exmanined with CT DNA using the CD method. Figure 12 shows the CD spectra of CT DNA in the presence and absence of the complexes, H 2 O 2 , and ascorbic acid. CT DNA has characteristic CD bands consisting of a positive band near 275 nm due to base stacking and a negative band near 245 nm due to helicity characteristic of right-handed B-DNA. 2, 38) The intensities of both CD bands were decreased markedly in the presence of the complexes, H 2 O 2 , and ascorbic acid, especially in the case of complex 2, although a slight decrease occurred even in the presence of H 2 O 2 and ascorbic acid alone. This result suggests that the decrease in the CD bands may be caused by the cleavage of CT DNA due to the complexes in the presence of H 2 O 2 and ascorbic acid, as indicated by the electrophoretic migration patterns of SC DNA. The conformational degradation of CT DNA is caused by the complexes with the relative order 2Ͼ3Ӎ1.
Conclusion
The coordination modes of three ternary Cu(II) complexes with different ligand atoms, N,O bidentate glycine ligand, and N,NЈ bidentate heterocyclic ligand have been structurally characterized. The interaction between the Cu(II) atom and ligand atoms are discussed including the packing effects.
The DNA binding and ability of the complexes to cleave DNA were studied. Each of the complexes showed a propensity to bind to CT DNA and cleave SC DNA in the presence of H 2 O 2 and ascorbic acid. The complexes also degraded the conformation of CT DNA in the presence of H 2 2 ϩascorbic acid) . The CT DNA concentration was 150 mM, the concentration of each complex was 50 mM, and the concentrations of both H 2 O 2 and ascorbic acid were 250 mM in 10 mM Tris-HCl buffer, pH 7.4, containing 50 mM NaCl at 25°C. The samples were preincubated for 1 h at 25°C. CD spectra were measured at 25°C.
